Abstract The measurement of R D (R D * ), the ratio of the branching fraction of B → Dτν τ (B → D * τν τ ) to that of B → Dlν l (B → D * lν l ), shows 1.9σ (3.3σ) deviation from its Standard Model (SM) prediction. The combined deviation is at the level of 4σ according to the Heavy Flavour Averaging Group (HFAG). In this paper, we perform an effective field theory analysis (at the dimension 6 level) of these potential New Physics (NP) signals assuming SU(3) C × SU(2) L × U(1) Y gauge invariance. We first show that, in general, R D and R D * are theoretically independent observables and hence, their theoretical predictions are not correlated. We identify the operators that can explain the experimental measurements of R D and R D * individually and also together. Motivated by the recent measurement of the τ polarisation in B → D * τν τ decay, P τ (D * ) by the Belle collaboration, we study the impact of a more precise measurement of P τ (D * ) (and a measurement of P τ (D)) on the various possible NP explanations. Furthermore, we show that the measurement of R D * in bins of q 2 , the square of the invariant mass of the lepton-neutrino system, along with the information on τ polarisation and the forward-backward asymmetry of the τ lepton, can completely distinguish the various operator structures. We also provide the full expressions of the double differential decay widths for the individual τ helicities in the presence of all the 10 dimension-6 operators that can contribute to these decays.
Introduction
In recent years, a number of experimental measurements involving B meson decays have shown interesting deviations from their Standard Model (SM) expectations. Deviations have been seen both in the neutral current b → s decays [1, 2] 1 as well as the charged current b → c processes. The most statistically significant deviation, at the 4σ level [17] , is seen in the combination of R D and R D * which are defined as,
where l = e or µ. In Table 1 , we collect all the relevant experimental results related to the B → D ( * ) ν decay processes. Note that, we have used the notation to denote any lepton (e, µ or τ ) and l to denote only the light leptons, e and µ.
The large statistical significance of the anomaly in R D and R D * has spurred a lot of interest in this decay modes in the last few years [24, and various possible theoretical explanations have been proposed.
The main purpose of this work is to identify observables which can help distinguish the different NP Lorentz structures that can potentially solve the R D and R D * anomalies. We first perform an operator analysis of these potential NP signals by considering all the dimension-6 operators that are consistent with SM gauge invariance. We compute the values of the relevant Wilson coefficients (WCs) that explain the experimental measurements within their 1σ ranges. It is important to note that we consider the presence of NP only in the tauchannel and not for the electron or the muon channels. Thus, in our calculations of R D and R D * , we use the SM values of the WCs in the denominator. For these values of the WCs, we compute the predictions for a few observables that have the potential to distinguish between the various NP operators. Although we provide numerical results only for the operators that are consistent with SM gauge invariance, we provide the analytical expressions for the double differential decay rates for the individual τ helicities for all the 10 independent dimension-6 operators contributing to these decays. To our knowledge, we are the first in the literature to provide the full expressions.
As we show later, R D and R D * are in general theoretically independent observables and the anomalies can exist independently. A future measurement might reveal a greater anomaly in one of them without affecting the other. Hence, in this paper, we attempt to explain each without worrying about the other initially, but then also point out how both can be explained together.
Very recently, the Belle collaboration reported the first measurement of the τ -polarisation in the decay B → D * τν τ [27] . While the uncertainty in this measurement is rather large now, motivated by the possibility of more precise measurements in the future, we investigate how such a measurement can distinguish the various NP explanations of R D and R D * . Furthermore, we show that measurements of R D * in bins of q 2 can provide important information about the nature of short distance physics. In fact, a combination of binwise R D * and more precise measurements (that can be done in Belle II, for example) of τ polarisation in both the B → Dτν τ and B → D * τν τ decays can completely distinguish all the different NP operators. Moreover, we show that the forward-backward asymmetry of the τ lepton (in the τ -ν τ rest frame) also has the potential to differentiate the various NP Lorentz structures.
The paper is organised as follows: In section 2 we write down all the operators relevant for this study and define the notations for the corresponding WCs. The various observables
List of Observables

Observable
Experimental Results
SM Prediction Experiment
Measured value R D Belle 0.375 ± 0.064 ± 0.026 [18] 0.299 ± 0.011 [19] BaBar 0.440 ± 0.058 ± 0.042 [20, 21] 0.300 ± 0.008 [22] HFAG average 0.397 ± 0.040 ± 0.028 [17] 0.299 ± 0.003 [23] 0.300 ± 0.011
Belle 0.293 ± 0.038 ± 0.015 [18] 0.252 ± 0. Table 1 : The relevant observables, their experimental measurements and the SM predictions are shown. While computing the branching ratios, we have used V cb = 0.04. As HFAG has not yet included the latest Belle measurement of R D * in their global average, we have taken a naive weighted average of the latest Belle result and the average given by HFAG. However, since the recent Belle result has a large uncertainty, it does not affect the previous world average in any significant way. The values given in boldface are our results for the SM predictions. Note that, for the B → D * ν SM predictions, the uncertainties correspond to 2σ uncertainties in the form factor parameters, see section 5 for more details.
of our interest are defined in section 3. The sections 4 and 5 discuss the form factors required for the calculation of the decay amplitudes. The analytic expressions for the double differential decay widths for the individual lepton helicities are shown in sections 6 and 7. In the following section (section 8), we present all our numerical results. Finally, we summarise our findings in section 9.
The full expressions for the double differential decay widths are shown in the appendices A and B, and the contribution of the tensor operator O TL is discussed in appendix C. In appendix D, we show how our operators are related to the dimension-6 operators of [64] . The renormalisation group equations for the WCs are computed in appendix E.
Operator basis
The effective Lagrangian for the b → c ν process at the dimension 6 level is given by,
where
constitute a complete basis of 6-dimensional operators and C 
The other possible tensor structures are related to O cb T and O cb T 5 in the following way,
Note that the above basis of operators is different from the one used in some earlier literature [31, 36] . For example, the reference [31] uses the following set of operators,
The Wilson coefficients of these two basis of operators are related through the following equations,
We now assume the neutrino in the final state to be left handed. This implies that the WCs in eq. (2) satisfy the following relations,
Consequently, all the WCs in the right hand column of eq. 9 vanish. Note that, the operators on the left hand column of eq. 9 are the only ones that are consistent with the full gauge invariance of the SM. In appendix D, we show how these WCs are related to the 6-dimensional operators listed in [64] . Moreover, since many microscopic models do not generate the tensor operator, we neglect them in the main text and study its effect only in the appendix (see appendix C). Although, we do not study the effects of the operators with a right handed neutrino (the ones in the right hand column of eq. 9), we compute the full analytic expressions considering all the 10 operators for the first time in the literature. The results are presented in appendices A and B.
Observables
The double differential branching fractions for the decays B → D ν and B → D * ν can be written as
The normalisation factor, N and the absolute value of the D ( * ) -meson momentum, |p D ( * ) | are given by,
where λ(a, b, c) = a 2 +b 2 +c 2 −2(ab+bc+ca). The angle θ is defined as the angle between the lepton and D ( * ) -meson in the lepton-neutrino centre-of-mass frame, and q 2 is the invariant mass squared of the lepton-neutrino system.
The total branching fraction is given by,
The observables R D and R D * have already been defined in eq. (1). We now define binned R D ( * ) in the following way,
For the decays with τ lepton in the final state, the polarisation of the τ also constitutes an useful observable and can potentially be used to distinguish the NP Lorentz structures. The τ polarisation fraction is defined in the following way,
where, Γ
(−) are the decay widths for positive and negative helicity τ leptons respectively. The τ forward-backward asymmetry, A
where Γ D ( * ) is the total decay width of D ( * ) and the angle θ has already been defined above. Note that, while the branching fractions depend on the functions a D ( * ) and c D ( * ) , the forwardbackward asymmetry depends only on b D ( * ) . Hence, they provide complementary information on the nature of the short distance physics.
4B → D form factors
The hadronic matrix elements forB → D transition are parametrised by
Note that Eq. (24) and Eq. (27) are not independent equations and follow from Eq. (22) 
Similarly, the term proportional to F + in the right hand side of Eq. (22) vanishes upon multiplication by q µ and gives
Thus, Eq. (28) 
Substituting the above identity into the left hand side of Eq. (27) one gets,
2 We use the convention 0123 = 1. This implies 0123 = −1.
The form factors F 0 (q 2 ) and F + (q 2 ) have been calculated using lattice QCD techniques in [19] 3 . They are given by the following expressions,
The functions φ + (z) and φ 0 (z) are given by,
The central values, uncertainties, and correlation matrix for the parameters a As the tensor form factor F T has not been computed from lattice QCD, we have taken them from [65] . Following [65] , we write F T (q 2 ) as,
In fig. 1 , we show the q 2 dependences of F 0 , F + and F T following the above expressions. The q 2 dependence of the form factors F 0 , F + and F T . The uncertainty bands for F 0 and F + correspond to a χ 2 ≤ 1.646 where the χ 2 is computed using the expression 
5B → D * form factors
The hadronic matrix elements forB → D * transition are parametrised by
None of the form factors V, A 0 , A 1 , A 2 , T 1 , T 2 , T 3 has been calculated in Lattice QCD. We used the heavy quark effective theory (HQET) form factors based on [66] . These form factors can be written in terms of the HQET form factors in the following way [36, 66] ,
where,
Here, [17] h A 1 (1) = 0.906 ± 0.013 [67] .
In Fig. 2 we show the q 2 dependence of the form factors using these numerical values. As there have been no lattice calculations of these form factors, in order to be conservative, we use two times larger uncertainties than those quoted above. 
Their expressions for the negative helicity lepton are,
Note that, the WCs C AL and C P L do not contribute to this decay. This is because the corresponding QCD matrix elements vanish, as can be seen from eqs. (23) and (25).
The lepton mass dependence of the various terms can also be understood easily. As the vector operators do not change the chirality of the fermion line, because of the left chiral nature of the neutrino, the outgoing (negatively charged) lepton also has negative chirality (and hence negative helicity in the massless limit). Thus the production of a left-handed lepton through the vector operator does not need a mass insertion. By a similar argument, one can see that the production of a right-handed lepton through the scalar operator does not need any mass insertion. The amplitude for the production of a right-handed lepton through a vector operator, on the other hand, clearly requires a mass insertion in order to flip the lepton helicity. This explains why the terms proportional to |C V L | 2 in Eqs. 
The WC C SL does not contribute to this decay because the corresponding QCD matrix element vanishes as can be seen from eq. (41) . The lepton mass dependence of the various terms can be understood in the same way as the B → D ν decay. Note also the absence of interference terms proportional to R C V L C * P L in the above expressions. We provide the completely general result taking into account all the operators in Eq. (7) in appendix B.
Results
Explaining R D alone
As mentioned in sec. 6, the B → Dτν τ amplitude depends only on the WCs C The red and brown shades correspond to the experimentally allowed 1σ and 2σ ranges (see Table 1 ), for which we have added the statistical and systematic uncertainties in quadrature. 
SM
C The data points shown on the right plot are due to the BaBar collaboration and are taken from [21] . set to their SM values. The red and brown shades correspond to the experimentally allowed 1σ and 2σ ranges respectively (see table 1 ). Table 5 . It can be seen that the shape of the distribution does not change dramatically across the various NP explanations of R D * .
In Fig. 9 , we show the predictions for P τ (D * ), R D * in the last bin and A Table 5 . Interestingly, we find that each of the three pairs of observables can potentially distinguish between the WCs unambiguously. Hence, the measurements of Table 5 . We remind the readers that, we have inflated the uncertainties in the form factor parameters in Eq. (49) by a factor of two. Hence, the ranges of P τ (D * ) and R D * shown here are rather conservative.
by Λ ≈ g NP 2.25 TeV. are given in table 6. 
Summary
In this paper we have performed a model independent analysis of the R D and R D * anomalies using dimension-6 operators that arise in a gauge invariant way. Among the four WCs
is the only WC that affects both (barring tensor operator that is discussed in appendix C) and hence, these two observables are in general theoretically independent. In view of this, initially we studied the solutions of R D and R D * anomalies independent of each other. We obtained the ranges of the WCs that are allowed by the R D and R * D measurements at 1σ. We also discussed the possibility of simultaneous solutions of these two anomalies.
For the allowed ranges of the WCs, we computed the predictions for both R D and R D * in four different q 2 bins, the forward-backward asymmetry, A
F B and the polarisation fraction of the final state τ lepton. We show that measuring the τ polarisation in B → D * τν τ decays along with the value of R D * in the last q 2 bin can distinguish between the three WCs which contribute to this process. This is graphically presented in Fig. 9 . Similarly, as seen in Fig. 5 , the measurement of the τ polarisation in B → Dτν τ decay can in principle be used to distinguish the two WCs C τ V L and C τ SL . Furthermore, we find that the forward-backward asymmetry of the τ lepton is also a powerful discriminant of the various WCs (see Figs. 5 and 9). We hope that the experimental collaborations will take a note of this and make these measurements in near future.
Additionally, in the appendix we also provide the analytic expressions for the double differential decay widths for individual τ helicities taking into account all the 10 dimension-6 operators listed out in section 2. To our knowledge, we are the first to provide the full expressions in the literature.
Although we have not considered the tensor operator O TL in the main text, we have explored its effects on the R D and R * D anomalies in appendix C. We have shown that there exists a small range of C TL that is consistent with both the anomalies.
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For the positive helicity of the lepton: In (Table 7 ) and the B → D * (Table 8 ) cases shows that there is a region of overlap, around 0.7-0.8, which allows one to explain both the anomalies simultaneously. 
In table 9 we show how the WCs of the operators in this paper are related to the WCs of the gauge invariant dimension 6 operators of [64] . We use the following set of notations:
• Greek letters µ, ν, · · · are used to denote Lorentz indices.
• SU(2) fundamental indices are denoted by a, b, · · · and I, J · · · will be used to denote adjoint indices.
• To represent quark (lepton) flavors, we use i, j, k · · · (m, n · · · ).
• A tilde (e.g.C) is used to denote high energy Wilson coefficients.
• The notation for the operators is as given in [64] .
• definition of the quark mixing matrices (f and m denote flavour and mass bases)
WCs in this work
WCs in [64] Operator structure
(1)ij,33 equ Table 9 : Correspondence of our operators with those in reference [64] . The mixing of different lepton flavours are ignored.
E RG Running of Wilson Coefficients
In this section, we note the renormalisation group (RG) running of the couplings and the Wilson coefficients. The QCD coupling above the m b scale is given by α (5) s and that above the m t scale is given by α (6) s . These are given by . In order to calculate the running of the Wilson Coefficients to a high scale M , we need to calculate the beta functions for the different operators -the scalar, vector and tensor operators. The calculation is sketched below (for a good review on the subject, see [69] 
where C 2 (3) = 4 3 and F = 1, γ µ , σ µν for scalar, vector and tensor operators and p (p ) is the on-shell momentum of the b (c) quark. A few things are noteworthy and enlisted below:
• As the denominator has mass dimension 6, divergence will appear only when the numerator is a function of loop momentum with mass dimension greater than and equals to two.
• The general form of the numerator is
-For vector
we get
where we used the previous integral formula in the second step.
Putting this back and using Feynman parameterisation and neglecting quark masses, we have the following formula Γ Had = ig 
where ψ 0 is any bare quark or lepton field, C is the Wilson coefficient to the six-dimensional operator and F, F are Dirac operators. We redefine the quantities in the bare Lagrangian as
where ψ represents any quark field. The QCD contributions to the different quark fields will be equal to each other. Then Eqn. 87 can then be written as 
Using the RG equations, the β-function turns out to be 
Thus, the scalar and tensor WCs are given by: 
which are simply the boldfaced coefficients in Eqn. 91. This is plotted in Fig. 14 . 
